A highly sensitive, spontaneous Raman spectrometer designed for the study of vapors and other low-density samples is discussed. The high sensitivity is achieved by means of the novel combination of a multipass light cell and a high-temperature gasdynamic focusing system. A complete description of the apparatus is given, along with the results of a sensitivity test in ambient air, as well as results demonstrating gasdynamic focusing of a vapor and Raman transitions in such a sample.
I. lNTRODUCTlON
The extremely small cross sections for spontaneous Raman scattering' make the study of low-density samples quite difficult by this technique. In the past, Raman spectroscopy of gaseous specimens has been limited to relatively high pressures, on the ordser of one atmosphere and of vapor specimens to Matrix Isolation Spectroscopy with the caveat that the effects of the matrix are often not adequately known. The increase of the incident laser power very quickly leads to a breakdown of the molecules in either the high electric field itself or in the resulting plasma. These reasons have precluded several types of experiments, including time-resolved collisional studies, energy distributions in isolated molecules, and the spectroscopy of most vapors and other low-density samples. An apparatus capable of time-resolved measurements in low-pressure gases has recently been reported by Mazur.2 This paper describes an apparatus constructed for the Raman spectroscopy of low-density vapors as well as gases.
Raman scattering is often chosen over infrared and microwave spectroscopy because the entire spectrum can be obtained with one instrument and with the same optics, all with visible light. Raman spectroscopy is especially advantageous for low-frequency work, and mode assignment is generally easier.3 Spontaneous Raman scattering is the preferred choice over nonlinear techniques, such as coherent anti-Stokes Raman spectroscopy (CARS) and Raman-induced Kerr effect spectroscopy (RIKES), for several reasons. What is desired is a multipurpose facility which can handle a large variety of molecules in short order, and which can be calibrated in intensity with a large dynamic range to an absolute scale. The nonlinear techniques have narrow spectral coverage without equipment changes, equipment costs are high, and alignment is difficult. More importantly, the increased complexity of coherent Raman scattering does not lead to an increased sensitivity in comparison to spontaneous Raman spectroscopy, especially for samples at low concentration or with small scattering cross sections.4
Due to difficulties with heat pipes and other types of closed cells such as nonuniform heating, preventing condensation of the sample on the optical surfaces, and related design problems, a high-temperature gasdynamic focusing system was deemed to be preferable. An essentially divergenceless sample jet is produced by such a system. This arrangement has several advantages. First, the flow conditions can be optimized to match the sample flow crosssectional area to the focal area of a laser. Furthermore, the extremely small divergence of the flow allows the nozzle to be many nozzle diameters above the laser beam, preventing light from scattering off the nozzle and entering the collection optics. Finally, the sample travels directly away from the scattering region where it can be condensed on a cold plate keeping the background quite low and thereby preventing the optical components from being contaminated by the sample.
The experimental arrangement was briefly reported at the Twelfth International Conference on Raman Spectroscopy,' and is described in detail for the first time here. Results demonstrating apparatus sensitivity in ambient air and the gasdynamic focusing effect by means of laser-induced fluorescence of a vaporized organic dye xanthene N92, and Raman spectra of vaporized naphthalene obtained with the apparatus are also presented.
II. APPARATUS DESCRIPTION

A. General
The layout of the experiment reported here is based on a typical right angle scattering geometry, in which the incident laser beam, light collection optics, and sample flow are all mutually perpendicular, see Fig. 1 . The apparatus employs the unique combination of a multipass light cell and a gasdynamic focusing system in order to maximize the "effective" laser intensity, to utilize all of the sample that is vaporized, to remove the possibility of having scattered light from the nozzle enter the collection optics, and to keep condensable samples away from optical elements.
To maximize the collection efficiency of the apparatus, an f/O.94 aspheric lens (L2) with a focal length of 7.9 cm is used with an opposing concave spherical mirror (M3 ) of 4 cm focal length and diameter 10 cm to collect the scattered light and image it into a dove prism. The horizontal image of the multipass cell is rotated by internal reflection in the dove prism to a vertical image. This upright image becomes the object for a second lens (L3), focal length 15 cm and f/1.43, which images onto the plane of the entrance slit of the spectrometer and matches itsflnumber as well. A Spex Triplemate model 1877B triple spectrometer is used because of its excellent stray light rejection qualities. Alignment of the collection optics with the nozzle and multipass cell is greatly facilitated by a He-Ne laser mounted in an alternate detector port of the triplemate. The He-Ne light is directed back through the entire detection system and interaction region via a pivoting mirror. By closing down one of the spectrometer slits the resulting diffraction pattern can be used for both lateral and focusing adjustments of the optical elements.
For the laser-induced fluorescence studies the scattered intensity is recorded by a Canberra Model 30 multichannel analyzer (MCA), which counts pulses from a photomultiplier tube, Hamamatsu type R464, cooled to -30 "C. The data from the MCA can be transferred to a microcomputer where it can be stored, analyzed, or sent on to a main frame. For taking Raman spectra the detector was upgraded to a cryo-cooled Photometrics CH210 chargecoupled device (CCD) camera. Data are transferred to an IBM AT personal computer via a Photometrics CE200 Camera Electronics Unit and AT200 Control Board. Spectra are taken and analyzed with Photometrics CCD9000 and Galactic Lab-Calc software, respectively. A scientificgrade cryo-cooled CCD is the detector of choice for Raman spectroscopy, except where time resolution is required. Besides its multiplexing advantage, its high quantum efficiency, large detector area, imaging capability (for diagnostics), low dark current, low readout noise, and excellent stability make it well suited for this application.6
With a loss of 4% at each glass-air interface, reflectivities of 90% for each of the seven mirrors in the spectrometer, 80% for the two classical ruled 600 groove/mm gratings in the filter stage of the spectrometer, 60% for the holographic 1200 groove/mm grating in the spectrograph stage, and a quantum efficiency of 25% for the CCD camera, the entire detection system is found to have an efficiency of 3%.
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CM-----++ Ml Spectral calibration is achieved by scattering light of the argon ion laser's (nonlasing) plasma discharge off of a Kimax melting point tube placed via a movable probe at the common focal point of Ll and L2. To stop lasing, either the laser's internal wavelength selecting prism is detuned or the output coupler is removed. Numerous reference lines can be identified throughout the visible spectrum,7-9 and one does not need to rely on the mechanical resettability of the diffraction grating stepper motor.
B. Multipass light cell
The multipass light cell is of a design first reported by Kiefer et al. 103 " It consists of two spherical mirrors of focal length 5 cm and diameter 5.08 cm with a reflectivity of 99.8% (at 488.0 nm, normal incidence), which are arranged to be nearly concentric (see Fig. 2 ). The alignment of the mirrors can be remotely controlled from outside the vacuum chamber by flexible spring manipulators made from speedometer cable. These cables are not ideal, and are being replaced by hydraulic controllers. The light from a Spectra Physics 2045-15 argon ion laser is focused by a l/2 m focal length lens Ll and then enters the cell slightly outside of the centers of curvature and is focused as closely as possible to the centers. The beam alternately reflects from each mirror, being refocused each time, and its angle of incidence is also lessened on each pass since the mirrors are not precisely concentric. Eventually, the beam either walks off the far edge of one of the mirrors or, preferably, its incident angle is reduced so far that it passes to the opposite side of the center of curvature of one of the mirrors, reverses direction, and retraces its path.
The "effective" laser intensity at the center of the cell is merely the sum of the intensities of each pass the laser makes across the cell. If only losses due to reflection at the mirror surfaces are considered, this effective intensity is the partial sum of a geometric series
where R is the reflectivity of the mirrors, I0 the incident laser intensity, and n the number of passes across the cell. In the limit of an infinite number of passes, the maximum gain, i/I,, is found to be 500 for R = 0.998. Gains up to 100 have been recorded with this apparatus, but 65 is a more typical value. Clearly, a small reduction in the reflectivity of the mirrors greatly reduces the gain. Consequently, any condensation of tlhe sample on the mirror surfaces will be devastating. The gain that can actually be achieved is limited by the finite beam size as it passes the first mirror which determines the initial angle, how close dielectric reflection coatings are to the edge of the mir.ror, and the cost of high quality mirrors having a lowflnumber.
C. Gasdynamic focusing syste!m
The adaptation of hydrodynamic focusing to laminar gas flows was first reported by Keller et ai. 12$13 Under the proper conditions, a sample gas can be focused or compressed by the action of another (sheath) gas flow as it converges in a nozzle. This is achieved by injecting the sample into the center of the (nearly) laminar flow of a sheath gas in the converging section of a nozzle. In a laminar flow the cross-sectional area of the sample is reduced in a manner dependent on the change in area of the nozzle and on the ratio of the sample to sheath flow rates. Consequently, the sample area at the throat of the nozzle can be matched to the focal area of Ialser or multipass light cell in order to utilize a maximum amount of sample. Perhaps more importantly, the ratio of the gas supply pressure to vacuum chamber pressure can be varied to produce a nearly divergenceless sample flow upon exiting the nozzle. Full angular divergences as little as 2" have been measured for distances of several centimeters downstream.i3 Also, the sample flow is in the forward direction so that in the case of vaporized samples they can be readily condensed onto a cold plate to reduce the background. This is especially beneficial for maintaining the cleanliness of the mirrors in the multipass light cell.
A diagram of the high-temperature gasdynamic focusing system is shown in Fig. 3 in. stainless steel with the tapered section having a full angle of 28". The inner flow tube is 3/8 in. stainless steel with a nickel sample cell at the end. The sample is loaded into the cell and the cell is mounted onto the tube. The height of the inner tube can be varied with respect to the outer, but was usually left at a nozzle orifice separation of 7-8 mm. The heater surrounds the last 4 in. of both tubes and heats both gas flows. The entire assembly is enclosed in a tantalum heat shield, and cooling water is used to prevent heating of the movable vacuum seals. The oven and sample cell temperatures are monitored with chromel-alumel thermocouples.
Ill. RESULTS
A. Laser-induced fluorescence
The technique of laser-induced fluorescence (LIF) was used to demonstrate the gasdynamic focusing properties of the apparatus. Throughout this work, the sample flow consisted of argon seeded with xanthene N92 vapors while the sheath gas was argon.
Xanthene N92 is an organic dye, chosen for its strong absorption in the near UV with the argon ion laser, bright fluorescence in the blue,14 and relatively high vapor pressure'5 ( -10 mTorr) at temperatures of 100-200 "C. Prior to the gasdynamic focusing studies, tests were conducted in closed quartz cells to determine if any quenching or bleaching of the fluorescence occurs either alone or in the presence of argon. At the relatively low pressure attainable before thermal dissociation, studies of xanthene alone indicate no quenching. Quite surprisingly but of paramount importance, within lo%, no evidence of quenching was found in the presence of an argon buffer at temperatures of 220-250 "C with argon pressures of up to 200 Torr, as shown in Fig. 4 . Also, no bleaching was seen with laser intensities as high as 1.3 W/cm2. Consequently, no correc- tions to the measured spatial profiles of the sample flows need be made over these temperature and pressure ranges. Spatial profiles of the analyte flow were recorded by monitoring the fluorescence intensity at 470.0 nm with a bandwidth of 3.5 nm as the nozzle assembly was translated relative to the fixed focus of the argon ion laser (the multipass cell was not used). The intensity profiles at various nozzle heights relative to the laser beam are shown in Fig.  5 . The jet is found to have a FWHM of approximately 1.5 mm up to 4 cm downstream. These results compare favorably with those obtained by Keller et al., showing no adverse effects due to the greater diffusion rates at these higher temperatures. These data were taken at a temperature of 125 "C, and pressures of 6.7, 20, and 35 chamber, inner nozzle, and outer nozzle, respectively. This corresponds to flow rates of 0.4 and 1.2 sl/min in the inner and outer nozzles, respectively. The partial pressure of xanthene is roughly 10 mTorr.
B. Raman spectra
Ambient air measurements for testing the sensitivity of the system and the gain of the multipass cell are very useful. In Fig. 6 , a 7 min integration with a feature identifiedI as resulting from 13C02 is shown. The CO2 content in air is 0.032% and of this only 1.10% has the 13C isotope, which amounts to a sensitivity on the order of parts per million (mTorr) in a short period of integration time.
Stokes and anti-Stokes vibrational Raman lines were obtained from a focused vaporized naphthalene sample with argon as sheath and carrier gases. 2 W of the 488.0 nm line of the argon ion laser was sufficient to excite the transitions. The observed spectra (10 min integration for Stokes, 300 min for anti-Stokes) are shown in Fig. 7 , under the same flow conditions as above, and at a nozzle temperature of 54 "C. These features have been identified" in t naphthalene's powder spectrum at 1383 and 1464 cm -'. The vibrational temperature" determined from the intensity ratios of the Stokes and anti-Stokes lines weighted by w4 shows that no significant cooling or heating of the sample molecules occurs in the expansion, thus ruling out any supersonic effects in the sample flow. This is consistent with measurements on the pure rotational structure of N, collimated in an argon flow.
IV. DISCUSSION
The apparatus described here allows for the first time the routine measurement of the spontaneous Raman spectra of vapors and other low density samples down to mTorr pressures. Vaporized samples can be studied for many hours at a time without contamination of the optical elements. The sample is in a beam and not in a cell, and since nozzle oven temperatures on the order of 1000 "C can be achieved, the study of many high-temperature species, 3284
